A simple HPLC-DAD method was developed and validated to determine B group vitamin content (thiamine, riboflavin, nicotinamide, pantothenic acid, pyridoxine and folic acid) in supplemented food samples, i.e., infant formula, cereal, low-calorie food, a multi-vitamin pill and a vitamin drink. In this study, the most significant advantages were simultaneous determination of the six B group vitamins in various food matrices and a small number of sample treatment steps that required only an organic solvent, acetonitrile. Moreover, this method prevents reduction of column durability, because the mobile phase does not contain ion-pairing reagents. Analytes were separated on a Develosil RPAQUEOUS C 30 (4.6 mm × 250 mm, 5 µm particle size) column with a gradient elution of acetonitrile and 20 mM phosphate buffer (pH 3.0) at a flow rate between 0.8 and 1.0 mL/min. Detection was performed at 275 nm, except for that of pantothenic acid (205 nm). The calibration curves for all six vitamins showed good linearity with correlation coefficients (r 2 ) higher than 0.995. The developed method was validated with respect to linearity, intra-and inter-day accuracy and precision, limit of quantification (LOQ), recovery and stability. The method showed good precision and accuracy, with intra-and inter-assay coefficients of variation less than 15% at all concentrations. The recovery was carried out according to the standard addition procedure, with yields ranging from 89.8 to 104.4%. This method was successfully applied to the determination of vitamin B groups in supplemented food products.
Introduction
Vitamins are well-known organic compounds that are absolutely essential to maintain good health, and normal growth and functioning in human and animal bodies. [1] [2] [3] [4] The B group vitamins are very important water-soluble vitamins that play vital roles in metabolism, and their absences are associated with serious diseases. 5, 6 The human diet sometimes does not meet the daily requirements of vitamins necessary to maintain body functions and normal development. In these cases, fortified food products (infant formula, cereal, low-calorie food and drink) or pharmaceutical preparations (injection, tablet, capsule and syrup) supplement the necessary vitamins. All supplemented food products have to meet recommended dietary allowance (RDA) requirements for each vitamin. Vitamins, however, are relatively unstable and can be lost during food processing or storage under the influence of temperature, humidity and light. 7 Therefore, a rapid and simple analytical determination of vitamin content in supplemented food products would be useful for many food laboratories, manufacturing plants and nutrition regulation authorities.
Current official analytical methods 8, 9 for determining B group vitamin contents are based on microbiological, chromatographic or spectrophotometric techniques. Microbiological assays [10] [11] [12] have been used to analyze B group vitamins for many years, but they are no longer considered to be the gold standard in vitamin analysis because of their poor specificity and reproducibility. A few chromatographic methods that rely on colorimetric or fluorometric techniques are available from the Association of Analytical Communities (AOAC).
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It is important to note that many analytical methods are timeconsuming and sometimes not suitable for simultaneous determination of water-soluble vitamins with different chemical and physical properties.
Reverse-phase liquid chromatography (RP-LC) with ionpairing reagents (sodium dioctyl sulphosuccinate, trifluoroacetic acid, octanesulphonic acid and triethylamine) has been widely used to separate water-soluble vitamins because of better reproducibility at the desired retention time.
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Moreover, ion-pairing reagents improve the chromatographic resolution and peak shape, particularly by reducing peak tailing. These reagents can result in irreversible damage to column performance including a change in selectivity or longer equilibration times, due to adsorption of the ionpairing reagents onto the stationary phase. 18 These changes may reduce column life.
New sample preparation methods have been introduced to determine water-soluble vitamins in various matrixes. Extraction techniques based on different acid treatments and a These authors contributed equally to this work. enzymatic digestion such as hydrochloric acid, sulfuric acid, perchloric acid or amylase and taka-diastase [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] have been developed, but the acids or enzymes require a long incubation (normally over 10-h) and high heat. Thus, these processes may decrease the recovery of unstable vitamins, such as folic acid. A simple precipitation of proteins with zinc acetate and phosphotungstic acid followed by centrifugation and filtration is sufficient for infant formula and beverages, 31 but is not applicable to supplemented food products like cereals. Furthermore, heavy metals in the precipitation solution interact poorly with LC systems.
In the present study, the analysis of six B group vitamins, thiamine (vitamin B 1 , T), riboflavin (vitamin B 2 , RF), nicotinamide (vitamin B 3 , NA), pantothenic acid (vitamin B 5 , PA), pyridoxine (vitamin B 6 , PN) and folic acid (vitamin B 9 , FA), was optimized. A reverse-phase chromatographic technique using a C 30 -based stationary phase and a photodiode array detector (DAD) was employed without the use of ion-pairing reagents. The sample preparation was based on a simple protein precipitation with an organic solvent, acetonitrile. The procedure was successfully applied to the determination of the B group vitamins in supplemented food products, such as infant formula, cereal, low-calorie food, multi-vitamin pills and vitamin drinks. To the best of our knowledge, there is no single application for determining all B group vitamins within these various food matrices. Thus, the technique described here appears to be a powerful tool for analyzing vitamins in food products.
Experimental
Materials and Instruments. Thiamine, riboflavin, pantothenic acid and folic acid were purchased from Fluka (Steinheim, Germany). Pyridoxine and potassium phosphate monobasic (99%) were from Sigma-Aldrich (St. Louis, MO, USA) and nicotinamide was from TGI (Tokyo, Japan). Acetonitrile, water and phosphoric acid (85%) were of HPLC grade from Merck (Darmstadt, Germany). Nylon membrane filters (0.45 and 0.22 µm) were purchased from Whatman (Maidstone, England). All other reagents were of analytical grade except those for HPLC, which were of HPLC grade.
A Waters HPLC system (Waters, Milford, MA, USA), equipped with a 1525 pump, a 717 plus autosampler, a CO-965 column oven (Jasco, Tokyo, Japan) and a 966 photodiode array detector (Waters), was used. Data was collected using Empower software (Ver. 5.00.00.00, Waters Corp.).
Samples. Infant formula, cereal, low-calorie food, multivitamin pills and vitamin drinks were purchased from different supermarkets in Seoul, South Korea. The nutritional components of these foods are listed in Table 1 .
Chromatographic Conditions for Sample Analysis. Reverse-phase chromatographic columns; Luna C 5 (4.6 mm × 150 mm, 5 µm particle size, Phenomenex, Torrance, CA, USA), Luna C 8 (4.6 mm × 150 mm, 5 µm particle size, Phenomenex), Synergi Polar-RP (4.6 mm × 150 mm, 4 µm particle size, Phenomenex), Ascentis Express C 18 (4.6 mm × Preparation of Standard Solutions. Stock solutions of T, RF, PN and FA (100 µg/mL) were prepared by dissolving 5 mg of each compound in 50 mL of deionized water. The PA (500 µg/mL) and NA (1000 µg/mL) stock solutions were prepared by dissolving 5 mg of each compound in 10 mL and 5 mL of deionized water, respectively. All stock solutions were stored in the dark at −20 o C. Working standard solutions were prepared daily by mixing the stock solutions in the appropriate proportions and diluting them with deionized water. The standards contained 0.1-5.0 µg/mL FA, 0.2-10.0 µg/mL T, RF and PN, 0.5-25.0 µg/mL PA and 2.0-100.0 µg/mL NA. The working standard solutions were stored at 4 o C in the dark. All solutions were filtered through a 0.45 µm nylon membrane filter prior to HPLC analysis.
Sample Preparation and Quantification. For infant formula, cereal and low-calorie foods, 0.5 g of sample was placed in a 15 mL plastic tube with 2.0 mL of water. The mixtures were homogenized for 3 min at room temperature, and 6.0 mL of acetonitrile was added. The tubes were centrifuged at 4000 rpm for 10 min, and the supernatants were evaporated to dryness in a rotary vacuum evaporator. For infant formula, the residue was dissolved in 5.0 mL of water and filtered through a 0.22 µm nylon membrane filter. For the cereal and low-calorie food samples, the residues were dissolved in 2.0 mL of water and filtered accordingly prior to HPLC-DAD analysis. The injection volume was 20 µL.
For multi-vitamin pills, 10 mg of sample was weighed into a 15 mL plastic tube with 10.0 mL of water. For vitamin drinks, 1.0 mL of sample was placed in a plastic tube with 1.0 mL of water. The suspensions were filtered through a 0.22 µm nylon membrane filter after vortexing, and 20 µL of filtrate was injected for HPLC-DAD analysis. An external standard calibration method was used to quantify the six B group vitamins.
Method Validation. Calibration curves were created by plotting peak areas against six corresponding concentrations (µg/mL) of each vitamin. A series of standard mixture solutions were injected in triplicate (n=3). The intra-and interday precisions of the six vitamins were assessed at three different concentrations within the linear range of the calibration curves, calculating the relative standard deviation (coefficient of variation, CV). The intra-and inter-day accuracies were also determined at three different concentrations used to prepare calibration curves and are expressed as an observed concentration relative to a nominal concentration. The limits of quantification (LOQ) were determined as the concentrations where the signal-to-noise (S/N) ratio was greater than 10, with a precision of < 20% and an accuracy between 80-120%. The samples were mixed vigorously and incubated for 5 min. All other sample preparation was as described in 'Sample Preparation and Quantification' section.
Recovery was evaluated by calculating the peak area ratios of the vitamin samples spiked with standard and the vitamin standards alone (same concentration used to spike the sample). Six determinations were replicated for each concentration.
Stability Study. The storage stabilities of T, RF, NA, PA, PN and FA were evaluated using two factors, photo-stability and thermo-stability. For these studies, working standard solutions were stored at 4 C in the dark for 1, 2, 3, 5, 10 and 15 days. A supplementary examination was performed for other B group vitamins (nicotinic acid, biotin and cyanocobalamin) at the same conditions. Working standard solutions, each containing 40 µg/mL of T, 60 µg/mL of RF, 500 µg/mL of NA, 300 µg/mL of PA, 40 µg/mL of PN, 10 µg/ mL of FA, 500 µg/mL of nicotinic acid, 6 µg/mL of biotin and 10 µg/mL of cyanocobalamin, were used as the test solutions.
Results and Discussion
Optimization of the Liquid Chromatographic Separa-tion of Vitamins. The column packing material influences the development of an HPLC method. Several stationary phases have been used to separate water-soluble vitamins, like C 18 -reverse phase, reverse phase with ion-pairing reagent, normal phase, ion exchange phase and special bonded phase. 33 Generally, C 18 -reverse phase has been considered the gold standard in vitamin analysis, due to its simplicity and ruggedness. If there are very different polarities of vitamins, however, a more suitable column must be used.
In the present study, six reverse-phase chromatographic columns: Luna C 5 , Luna C 8 , Synergi Polar-RP, Ascentis Express C 18 , Hypersil Gold C 18 and Develosil RPAQUEOUS C 30 , were compared on the basis of chromatographic separation and sensitivity in order to evaluate column performance (data not shown). Analytes were detected at 210 nm as a trial. Develosil RPAQUEOUS C 30 surpassed other columns in chromatographic separation and sensitivity and was the most suitable for the separation all the six vitamins (T, RF, NA, PA, PN and FA) from various matrices in a single run.
The C 30 -reverse phase column is known to be more retentive for very hydrophilic compounds than are the C 18 columns.
34 C 30 is also more resistant to phase collapse under highly aqueous conditions than are those of C 18 . 35 The column used in this study separated not only the six B vitamins of interest but also three other water-soluble vitamins (nicotinic acid, biotin and cyanocobalamin) at 210 nm ( Figure 1 A mobile phase containing a potassium phosphate buffer is recommended to assure good chromatographic separation of water-soluble vitamins. The influence of potassium phosphate at concentrations from 10 to 50 mM and pH 2.5 to 3.1 and 6.0 to 7.0 (data not shown) was assessed to optimize the mobile phase. The optimized buffer conditions were 20 mM potassium phosphate at pH 3.0.
Isocratic and gradient elution have been used to separate water-soluble vitamins. Primarily, we attempted to separate six vitamins using isocratic elution with 20 mM potassium phosphate buffer (pH 3.0). Baseline separation of T, NA and PN was achieved, but the other three vitamins (PA, FA and RF) did not elute. Thus, we applied gradient elution to separate all analytes and to shorten the analysis time using 20 mM potassium phosphate at pH 3.0 (solvent A) and 50% acetonitrile (v/v) in 20 mM potassium phosphate at pH 3.0 (solvent B). The optimal gradient elution was as follows: 1) an initial isocratic step with 100% solvent A for 10 min at a flow rate of 0.8 mL/min; 2) 100% solvent A at an increased flow rate of 1.0 mL/min for 2 min; 3) a linear gradient to 50% solvent A/50% solvent B over 48 min at 1.0 mL/min. Initially there should be no acetonitrile in the mobile phase in order to retain thiamine (T) and to avoid column dead time (t 0 ).
All vitamins were detected at 275 nm except for PA, which absorbs at a lower wavelength due to its lack of a characteristic chromophore. PA was detected at 205 nm. We also varied the flow rates from 0.8 mL/min to 1 mL/min under a flow rate gradient to better separate T and NA. The elution order was found to be T, NA, PN, PA, FA and RF.
Validation of the Analytical Method: Linearity, Limit of Quantification (LOQ), Intra-and Inter-day Precision and Accuracy, Recovery and Stability. The proposed method was validated by assessing the linearity, limit of quantification (LOQ), intra-and inter-day precision, accuracy, recovery and stability. Sufficient linearity was observed for all six vitamins within the tested concentration ranges, as represented by the high correlation coefficients (r 2 ) values above 0.995. The limits of quantification (LOQ) were 0.1 µg/mL for FA, 0.2 µg/mL for T, RF and PN, 0.5 µg/mL for PA, and 2.0 µg/mL for NA ( Table 2 ).
The intra-and inter-day precisions and accuracies were assessed from repeated experiments (n=3) at three different concentrations of the six vitamins. The intra-day precision was 0.10-6.99%, and the inter-day precision was 0.39-7.97%. The intra-day accuracy was 87.15-110.96%, and the inter-day accuracy was 89.38-108.56% (Table 3 ). All accuracy and precision values for the six vitamins fell within the acceptable ranges (< 15%).
A recovery assay was performed according to the standard addition procedure at three different concentrations. Recovery was assessed from repeated experiments (n=6) using four different supplemented food products: infant formula, cereal, multi-vitamin pills and vitamin drinks (Tables 4 and 5 ). Low-calorie food was excluded from the recovery test because its matrix was similar to that of cereal. Unfortunately, PA and FA were not detected in the infant formula due to its complex matrix, nor was PA detected in the cereal samples, because the cereal and low-calorie food products were not fortified with this vitamin. The mean recoveries of all of the tested vitamins were higher than 96.35% for infant formula, 89.75% for cereal, 95.63% for multi-vitamin pills (Figure 2) . T, NA, PA and nicotinic acid were the most stable under both light and heat for 15 days. PN, biotin and cyanocobalamin were only stable in the dark. RF was less stable in both light and increased heat, although it is stable against limited exposure. FA was the most unstable in all light and heat conditions and had almost completely degraded after one day of simultaneous exposure to light and heat. Therefore, HPLC-DAD measurements must be performed immediately, and vitamin solutions are best stored at −20 o C in subdued light in order to maintain their stabilities.
Food Sample Analysis. Due to the extensive phosphorylated and protein-bound vitamins in natural foods, quantitative analysis of the entire array of B-group vitamins at endogenous levels requires vigorous sample extraction to release the free vitamins using strong acids and enzyme hydrolysis. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] However, these tedious, complex and harsh methods are not necessary to extract the vitamins from vitamin-supplemented food products.
The most rapid extraction methods of water-soluble vitamins from food products involve protein precipitation using a strong acid, such as hydrochloric acid, sulfuric acid or trichloroacetic acid. [19] [20] [21] [22] 24, 25, 27, 30 Interference in the chromatograms and poor recovery indicate degradation of some vitamins due to the harsh acid. Organic solvents can also be used to precipitate proteins and are milder toward the samples. Thus, they are frequently utilized in drug analysis. 36 Acetonitrile showed superior protein precipitation using a small volume. Thus, we investigated acetonitrile as a protein precipitant of various commercial food products and found improved and reliable recoveries (Tables 4 and 5 ).
The B group vitamins were quantified in different food matrices including infant formula, cereal, low-calorie food, multi-vitamin pills and vitamin drinks in order to verify the applicability of the proposed method. The chromatographic peaks in each sample were identified by comparing their retention times and UV/Vis spectral data to those of standards obtained under the same conditions, using a diode array detector (DAD).
The analysis of each food sample was performed in tri- plicate (n=3) to show the reliability of content analysis. Figure 3 show examples of chromatograms obtained for four specific food samples. Values obtained for infant milks, cereals, low-calorie foods, multi-vitamin pills and vitamin drinks are shown in Table 6 . There is no regulation on the upper limit of B group vitamins as food additives. Therefore, most vitamin-enriched products are manufactured with an excess of these vitamins, so that the labeled amounts are accurate at the expiration date. Consequently, most results were slightly higher than the labeled amounts. In some of the tested foods, folic acid levels were lower than the labeled amounts. This result indicates that folic acid was unstable and degraded faster than the other water-soluble vitamins in food products.
Conclusions
The present study provides a simple, sensitive and reliable technique for simultaneously determining the levels of T, RF, NA, PA, PN and FA in supplemented food products using HPLC-DAD. Strikingly, this methodology is useful for a wide range of solid and liquid food products and vitamins analysis without using ion-pairing reagents. Moreover, we introduced for the first time a C 30 -reverse phase column for analyzing B group vitamins in fortified foods. This method may apply to the quality control of vitaminenriched food products for food laboratories, manufacturers and regulatory authorities.
